We have studied the magnetic reversal and thermal stability of [Co(0.3 nm)/Pd(0.7 nm)] N multilayers patterned into 35-nm-diameter nanodot arrays. The short-time coercive fields are relatively constant with N while the room-temperature thermal stability parameter increases nearly linearly with N. However the magnetic switching volume extracted from the thermal stability is significantly less than the physical volume of the samples. The experimental results are in quantitative agreement with micromagnetic modeling, which indicates that reversal and thermal stability is controlled by nucleation and propagation of edge domains. logic devices, 5 and biomedical applications. 6 One example is bit patterned media (BPM) which is a leading candidate to extend magnetic recording to densities beyond those achievable by perpendicular magnetic recording on continuous granular media. 2, 7, 8 In BPM the bits are lithographically predefined as islands so that the magnetic volume relevant for thermal stability is the entire bit volume rather than the much smaller volumes of the individual grains that form the bit in continuous recording.
We have studied the magnetic reversal and thermal stability of [Co(0.3 nm)/Pd(0.7 nm)] N multilayers patterned into 35-nm-diameter nanodot arrays. The short-time coercive fields are relatively constant with N while the room-temperature thermal stability parameter increases nearly linearly with N. However the magnetic switching volume extracted from the thermal stability is significantly less than the physical volume of the samples. The experimental results are in quantitative agreement with micromagnetic modeling, which indicates that reversal and thermal stability is controlled by nucleation and propagation of edge domains. 1 This interest is driven partly not only by emergent physics as films are laterally confined but also by the potential of nanomagnetism-based materials in applications such as high-density magnetic data storage, 2 magnetic memory, 3, 4 logic devices, 5 and biomedical applications. 6 One example is bit patterned media (BPM) which is a leading candidate to extend magnetic recording to densities beyond those achievable by perpendicular magnetic recording on continuous granular media. 2, 7, 8 In BPM the bits are lithographically predefined as islands so that the magnetic volume relevant for thermal stability is the entire bit volume rather than the much smaller volumes of the individual grains that form the bit in continuous recording.
In the recent literature there has been considerable focus on the control and understanding of the switching field and switching field distributions of patterned islands. [9] [10] [11] [12] [13] [14] [15] In contrast, there have been relatively few published results on the thermal stability of BPM (Ref. 14) and related perpendicular anisotropy devices 16 even though stability is the major motivation for the implementation of BPM. In this letter we describe an experimental and theoretical study of the thermal stability of patterned arrays fabricated from Co/Pd multilayer films. We find that for 35-nm diameter islands that the magnetic switching volume extracted from the thermal stability is significantly less than the physical volume of the samples. The experimental results are in quantitative agreement with micromagnetic modeling which indicated that reversal and thermal stability is controlled by nucleation and propagation of edge domains.
The starting continuous multilayer films were Ta(3 nm)/ Pd(3 nm)/[Co(0.3 nm)/Pd(0.7 nm)] N /Cr(0.2 nm) films on SiOx coated Si wafers where the number of repeat N ¼ 3, 5, 8, or 11. These films were grown by DC magnetron sputtering and have strong perpendicular anisotropy with an anisotropy field H K of 21 kOe estimated from saturation field of the hard axis loops. This H K value is the effective anisotropy that includes both the shape and magneto-crystalline anisotropies. The nanodot arrays were fabricated by Ar ion milling and the continuous magnetic films using selfassembling polymer [polystyrene-poly(methyl methacrylate) (PS-PMMA)] annealed at 200 C as the patterning mask. The PMMA dots are selectively removed by oxygen plasma etching and the resulting holes were filled with spin-on-glass (SOG) that acts as the etch mask as described in Refs. 8 and 17. The underlying magnetic films were patterned by Ar ion milling through the SOG mask. The resulting island size was 35-40 nm with a 65-nm pitch over macroscopic areas. Electron microscopy images are shown in Figs. 1(a) and 1(b).
We used magneto-optic Kerr effect (MOKE) and vibrating sample magnetometry to characterize the magnetic properties. As typically seen, there is a large increase in the coercivity (H C ) with patterning and a broadening of the hysteresis loop that reflects the switching field distribution (SFD) of the islands. 9, 12 The coercive fields are given in Table I . To extract the total SFD and intrinsic contributions to the SFD, we used the DH(M, DM) method that analyzes a sequence of minor loops. 12 Given in Table I are the total and intrinsic SFD (without the interaction contributions) given by r tot and r int , respectively.
Thermal stability parameters of the films were extracted from the field sweep rate dependence of the coercive fields shown in Fig. 1(c) . This data was fit using
where f 0 is the attempt frequency of about 10 10 Hz, the exponent n ¼ 2/3 is used, R is the magnetic field sweep rate which varied over three orders of magnitude, H 0 is the field at which the activation energy vanishes and a ¼ K u V/k B T is the ratio of anisotropy barrier to thermal energy. The results for K u V and H 0 are given in Table I Before discussing the stability results in detail we discuss the results in Table I . The H 0 values are relatively insensitive to N and are centered about 12.5 kOe, roughly 60% of the anisotropy field. The thermal stability parameter increases systematically with N from 80k B T for N ¼ 3 to 360k B T for N ¼ 11. Consistent with increasing energy barrier the difference between H C and H 0 decreases with increasing N. For all N we find r tot > r int indicating that the interaction between islands are antiferromagnetic in nature consistent with dipolar interactions being the dominate interaction. The difference r tot À r int gives the mean dipolar interaction which increases systematically from 35 Oe for N ¼ 3 to 235 Oe for N ¼ 11 that reflects the increased moment of the adjacent islands with increasing N. The measured r tot are $8% of H 0 , independent of N consistent with published literature for patterned Co/Pd multilayers of similar size. 12 As stated earlier, the island stability increases with increasing N which would be expected as the volume of the island increased and, based on the coercivity results, the anisotropy is insensitive to N. However a simple calculation of the expected energy barrier assuming a macrospin reversal gives values much higher than the measured barriers. Using the measured H 0 as an estimate of the anisotropy field (H 0 ¼ 2K U /M S ¼ 12 kOe) and the volume averaged magnetization (M S ¼ 700 emu/cm 3 ) gives K U ¼ 4.2 Â 10 6 ergs/cm 3 . The estimated volume is V ¼ 2.9 Â 10 3 nm 3 for the N ¼ 3 islands yielding an expected room-temperature K U V/ k B T ¼ 290 roughly a factor of 3.7 larger than what we measure. If we assume the anisotropy is the unpatterned thin filmed value of 21 kOe the difference between the measured and expected stability is even larger. This trend holds for all the islands studied. In general, lower energy barriers suggest that the islands reverse via a non-coherent mode. Since the measured barrier increases linearly with N, the mode most likely involves a lateral domain wall in the island as opposed to a vertical domain wall enabled by the relatively weak exchange coupling across the Pd layer. 18 To gain further insight into the magnetization reversal we compared the experimental results to micromagnetic simulations obtained using the FastMag simulator, which rapidly and accurately solves the Landau-Lifshitz-Gilbert equation with discretization chosen to obtain full convergence. 19 For the energy barrier we calculated both the macrospin barrier including the appropriate shape anisotropy as well as the minimum energy barrier using an extension of FastMag (Refs. 19 and 20) , which implement the nudge elastic band (NEB) method accounting for nonuniform magnetization along the minimum path. The micromagnetic parameters were chosen to match the properties of the Co/Pd multilayers 18 and the anisotropy was adjusted to match the measured short-time coercive field. An example calculation of the minimum energy path for an N ¼ 5 island is shown in Fig. 2(a) . Reversal in zero applied magnetic field occurs by nucleation of an edge domain and propagation of a domain wall. The energy barrier height is set by the energy of a domain wall in the center of the island. This energy of 130 k B T is significantly less than the macrospin value 440 k B T.
Plotted in Fig. 2(b) are the measured energy barriers, the micromagnetically calculated macrospin and minimum energy barrier vs. N. The micromagnetic barrier is calculated in the high-coupling limit, assuming relatively strong exchange across the Pd layers such that the Co layers do not reverse individually. There is close agreement between the micromagnetically calculated and measured energy barriers dependence on N and that the barrier values are significantly smaller than the macrospin expectations. For the range of N studied, the calculated barriers are relatively insensitive to the interlayer exchange coupling for the range studied. For relatively low interlayer exchange coupled islands begin to reverse via a vertical domain wall that nucleates at the surface of the island. 18 Once the island becomes thicker than the vertical domain wall, the energy barrier becomes independent of thickness and is set by the domain wall energy. For even lower exchange, reversal can occurs by individual Co layers as will be discussed elsewhere. (Fig. 1(c) ) according to Eq. (1). The total and intrinsic SFDs, r tot and r int , respectively, were determined from minor loop analysis. (1) with the fit parameters given in Table I .
These results give reasonable confidence that for 35-nm diameter, the energy barrier is determined by nucleation of edge domains that reverse the island by domain wall motion. This is consistent with recent measurements of perpendicular anisotropy spin-torque devices where the measured energy barrier for a 50 Â 100 nm 2 nanopillar was a factor of 6 lower than the macrospin estimates. 16 Also, spin-torque induced domain states have been observed in similar pillars. 21, 22 Previous measurement and modeling of patterned Co/Pd multilayers for different island size suggested that both the coercivity and the SFDs versus island size could be understood assuming that reversal was controlled by regions on the order of 20 nm. 9 These results are consistent with the current findings and reverse domains seen in Fig. 2(a) . Fig. 3 shows the calculated energy barriers as a function of island diameter ranging from 40 to 5 nm compared to the macrospin energy. The difference between the macrospin and minimum energy barrier persists down to $10-nm diameters. Even at 20-nm island size there is a factor of 2 reduction of the energy barrier compared to the macrospin. For applications such as patterned media, the issue of reduced energy barriers due to incoherent reversal will most likely not be an issue. The expected island sizes will be 12.5 nm at 1 Tb/in 2 densities where the macrospin approximation is valid. For applications such as spin-transfer-torque (STT) magnetic random access memories (MRAM), incoherent reversal may be more important. Perpendicular anisotropy devices are anticipated for high-density STT-MRAM.
23,24
The critical current scales are expected to scale with the macrospin energy barrier, and device sizes are anticipated to be similar to those discussed here. However, the energy barrier will need to be calculated for the particular material set and will depend on the specifics of the magnetization density, anisotropy, and domain wall energies and size.
In conclusion, we have studied the magnetic reversal of patterned Co/Pd multilayers as a function of the number of Co/Pd layers and island diameter in the high coupling limit. Experimental results revealed a significant discrepancy between the extracted thermal stability of the islands and thermal stability estimates based on the macrospin model, implying an incoherent mode of reversal. Micromagnetic results were in close quantitative agreement with experimental measurements, and showed that thermal reversal begins by nucleation of an edge domain, followed by lateral domain wall propagation. These results show that incoherent reversal modes in islands as small as a few tens of nanometers in diameter can play a significant role in determining the thermal stability of the structure and reliability of information storage.
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